Introduction
Homo-and hetero-dinuclear/polynuclear tran sition metal complexes occupy an im portant posi tion in modern inorganic chemistry [1] , The impe tus for the study of these complexes derives from the interest in connection with magnetic exchange interactions [2] , electron transfer between metal ions [3] , catalysis [4] and m aterials chemistry [5] and from their significance as models for biologi cal systems [6] . In contrast to the great num ber of studies concerning dinuclear transition metal com plexes, little is known about the corresponding non-transition-m etal complexes.
O ur objective in these laboratories is to synthe size hetero-dinuclear and hetero-polynuclear halogeno complexes of the group 12 metals. A neces sary prerequisite in this approach, however, is a better understanding of the chemistry of m ono nuclear and hom o-dinuclear/polynuclear Zn(II), Cd(II) and Hg(II) complexes with one (simple halogeno complexes) or more (mixed) different types of halogeno ligands. Our interest in such spe cies is threefold; (i) to redress the lack o f character ized [7, 8] hetero-dinuclear halogeno complexes of these metals; (ii) to study the stability and struc ture of mixed halogenometallate anionic complex es, as such anions have received little attention [9] [10] [11] ; (iii) to investigate the possibility of using dinuclear or trinuclear halogeno complexes as "building-blocks" [12] for the assembly of higher nuclearity aggregates, as there still is no systematic synthetic approach available to prepare larger and larger halogeno-bridged complexes.
The present paper describes our progress to ward objectives i and ii, i.e. the synthesis and spectroscopic characterization of salts containing the anions [Hg2Cl4X2]2~ (X = Br, I), [CdHgI6]2~, [CdHgI4Br2]2_ and [CdHgBr4I2]2~; we also report here the preparation and study of a salt containing the [Hg2Cl6]2-ion. In the past we [13, 14] , and oth ers [11, [15] [16] [17] [18] [19] [20] [21] [22] , have reported the reactions of M X, (M = Cd, Hg; X = Cl, Br, I) with X" to give anions of various degrees of condensation.
Experimental
The solvents were distilled prior to use. The salts AnHX (An = aniline; X = Cl, Br, I) were prepared as described elsewhere [23] [13] were available from previous work.
( A nH ) 2[H g 2Cl6] (1) and ( A nH ) 2[H g 2Cl4Br2] (2)
Equim olar quantities of HgCl2 and AnHX (X = Cl for 1; X = Br for 2) were stirred with acetone (typically 10 mmol, 120 ml) at room temperature until a clear solution was obtained. Diethyl ether was added until the onset of turbidity. The solu tions were then cooled to 0 °C to yield white mi crocrystals. The precipitates were collected by fil-tration, washed with cold EtOH and Et20 , and dried in vacuo, yields ca. 50%.
( A n H )2[H g 2Cl4I2] (3)
For the preparation of this salt, equim olar am ounts o f HgCl2 and AnH I were stirred together in hot acetone, using a quantity o f solvent just suf ficient to cause complete dissolution. After cooling and overnight storage at room tem perature, the re sulting pale yellow needles were isolated as above; yield ca. 40%. The product was recrystallized from boiling EtOH.
( A n H )2[C dH gI6] (4)
M ethod A: Equimolar quantities (10 mmol) of (An2H )2[CdI4] and H gl2, each dissolved in the m in imum volume of hot acetone, were mixed and stirred at -40 °C for 30 min. The flask was stored in a freezer for 2 days. The yellow powder thus ob tained was collected by filtration, washed with M eCN and Et20 , and dried in air. The yield was ca. 60%. Recrystallization can be effected from boiling acetone.
M ethod B:
This complex was also prepared by mixing a hot solution of (An2H)[CdI3An] in ace tone and an ethanolic slurry o f (An2H )2[Hg2I6] in the m olar ratio 2:1. The mixture was boiled to dis solve the solid material and then for 1 h under re flux. The homogeneous solution was allowed to cool slowly, whereupon a yellow precipitate formed, which was isolated as above; yield ca. 70%. The IR spectrum and X-ray powder pattern of this product were identical with those o f the salt prepared by M ethod A. To a stirred solution of 2 (5.0 mmol) in warm MeCN was added a solution o f bpy (5.0 mmol) in MeCN. A white precipitate formed immediately which was filtered off, washed with M eCN and Et20 (not added to the filtrate), and dried at 80 °C; the yield was ca. 50% based on total available Hg. Detailed characterization o f the solid (metal, halo gens, C, H and N analyses, IR spectrum, Ram an spectrum) proved this to be the known [9] [9] ). The filtrate of the above reaction was allowed to slowly concentrate by evaporation at room tem perature to give white mi crocrystals of (AnH)2[HgCl3Br] [26] ; the yield was ca. 40% based on total available Hg. Using 10.0 mmol of bpy, i.e. m olar ratio H g:bpy = 1:1, the above reaction yielded again [HgClBr(bpy)] in a nearly 100% yield (based on Hg). Et20 was add ed to the filtrate to initiate crystallization. After overnight storage in a freezer, the white precipitate was collected by filtration, washed with Et20 , and dried in vacuo, yield ca. 80% based on total availa ble An. Characterization of the solid (H + and Cl~ analyses, IR spectral comparison with authentic material) proved this m aterial to be AnHCl.
Using 3 as starting complex and similar experi m ental conditions, the 2:1 reaction with bpy yield ed the known [9] complex [HgClI(bpy)] and (AnH )2[HgCl3I] [26] , while the 1:1 reaction gave [HgClI(bpy)] and AnHCl.
Physical measurements
Elemental analyses were performed at the Microanalytical Laboratory, University o f Liverpool, England or at G albraith Laboratories, Knoxville, Tennessee, U.S.A. To estimate the molecular weights o f some representative solids the Rast cam phor m ethod was used [9, 27] , Room -and li quid nitrogen-tem perature IR and Far-IR spectra were obtained using a Bruker IFS 113v Fourier transform spectrophotom eter, with the samples studied as pressed discs in KBr (4000-500 cm -1) and polyethylene (500-40 cm "1). A 6-//m M ylar beamsplitter, a G lowbar source and a DTGS de tector with polyethylene windows were used for the F ar-IR region, while a KBr beamsplitter and a DTGS detector with KBr windows were employed in the m id-IR region. Room -tem perature R am an spectra o f the powdered solids were recorded on a SPEX 1403 spectrometer using the 514.5 nm line of a Spectra-Physics A r+ laser; a spinning sample cell was used to avoid thermal degradation of the coloured compounds. Signal recording was per formed using photon counting with an integration time o f 0.5 s, using a 2 cm -1 slit width. Low-temperature (ca. 100 K) R am an spectra were recorded on a Coderg T 800 triple m onochrom ator spectro meter employing d.c. amplification and using A r+ (514.5 nm) laser excitation; a Coderg Cryocirc cryostat cooled with liquid nitrogen was used. X-ray powder patterns were obtained using a Ri-gaku Miniflex diffractometer in the range 4 < 23 < 70"; a Cu anticathode (ACuKai = 1.5418 A) was employed as the source of X-ray primary beam.
Results and Discussion
The Experimental Section lists six complexes in order of time of their preparation. The form ation of some representative com pounds can be sum m a rized in eq. The easy form ation (even from starting m ateri als containing coordinated An) and good yields of 4, 5 and 6 indicate that these hetero-metallic com plexes are the thermodynamically preferred prod ucts in C d(II)/H g(II)/X " reaction systems (in o r ganic solvents). The driving force for this interac tion seems to be the great affinity of Hg(II) for iodide and bromide [28] ; in agreement with this no reaction between [CdCI4]2-and HgX2 (X = Cl, Br, I) took place under a variety of experimental con ditions. The tendency to form these species ap p ar ently increases with increasing softness [29] of the halide ion which is bound to Cd(II), the iodo com plex 4 being formed most readily.
Colors, analytical data and molecular weights for the complexes are given in Table I . Solid-state m olecular weight determ ination for representative complexes indicates their dimeric nature. The iso lated com pounds are microcrystalline or powderlike, stable under atmospheric conditions and readily soluble only in D M F and DMSO. We had hoped to structurally characterize one of the com plexes by X-ray crystallography, but were thw art ed on num erous occasions by twinning problems or lack of single crystals. Thus, the characteriza tion o f the complexes was based on spectroscopic techniques.
X-ray powder diffraction patterns indicate that each solid represents a definite com pound, which is not contam inated with starting materials.
The complexes have IR spectra (4000-300 cm -1) indicative o f the absence of coordinated An and o f the existence of A n H + ions involved in hy drogen bonding [24, 25] .
Diagnostic low-frequency vibrational data, which give an insight into the structure and the bonding in the solid state, are reported in Tables II  and IV . Only features at < 3 0 0 cm -1 are listed, since it was clear that no fundamentals of the com plex anions occurred above this wavenumber. A m arked enhancement of detail is obtained if the spectra are measured at low tem perature and, thus, we base our discussion on those obtained at ca. 100 K. Since the bending, twisting, rocking and ring deform ation vibrational modes of the com plex anions lie in a region where the lattice modes also occur [9] , we will confine our assignments and relevant discussion to the stretching frequency re gion only. Assignments of the bands in Tables II  and IV have been made by noting: (i) the frequen cies of the internal modes o f AnH + ; (ii) bands prin cipally dependent on halogen; (iii) the variation in a At ca. 100 K; b it may be due to a v (H g -I)t m od e;c it may be due to a v (C d -I)t mode; d overlapping.
Compound v (H g -C l), v (H g-B r), v (H g -I), v(HgCl
band frequency and the appearance of new bands in the spectra o f 4, 5 and 6, and (iv) extensive liter ature reports [7-11, 13-16, 30, 31] . As has been found previously [11] , the R am an scattering ability o f the stretching metal-halogen modes increases markedly in the sequence: Cl < Br < I. Conse quently, the v(H g-C l), and v(HgCl)b modes in 1, 2 and 3 are rather broad and o f lower Ram an inten sity than those of the corresponding brom ide or iodide modes. The IR spectrum of the solid 1 shows four bands in the region appropriate to terminal H g -C l stretching; in the bridging stretch region two rela tively strong bands carry two shoulders. The R a m an spectrum also shows four terminal stretches, but is less rich in the bridging region than the IR spectrum, showing only one prom inent band and two weak features. This num ber (totally 15) of IRand Raman-active stretching vibrations is, of course, much greater than that to be expected for a monomeric [HgCl3]~ ion of any shape [32] . It is not in accordance with predictions for: (i) a centrosymmetric D 2h dimeric anion [Hg2Cl6]2~ which, based on tetrahedral geometry around the metal, should show [32] four IR-active (Blu + B2u + 2B 3u) and four Raman-active (2Ag + B]g + B2g) modes, i.e. totally 8 stretching fundamentals, and (ii) a structure consisting of infinite sheets of edgeshared [HgCl6] octahedra with A nH + ions on axes between the sheets [16] or a double-rutile chain structure [16] ; in both o f these structures a smaller num ber of stretching modes is expected [16] . To make sure that the multiplicity of bands is not sim ply the result o f factor-group effects in the solid we recorded the spectra in solution; the solvents used were dichlorom ethane and acetone. The striking similarity between low-frequency vibrational spec tra of solid 1 and its solutions leaves no doubt that the structure o f this complex is the same in both states. Tetra-ft-butylammonium trichloromercurate(II) is known [15] from a single-crystal X-ray study to exist as the discrete, not-centrosymmetric, unsymmetrically doubly chloride-bridged A halogen-bridged [Hg2Cl4X 2]2~ (X = Br, I) species can belong to either D 2h, C2v, C2h, Cs or C, point groups [9, 10] . Regardless o f the molecular symmetry, these species give rise to 8 stretching modes (4 term inal and 4 bridging). Table III con veniently summarizes the expected num ber of ter minal and bridging stretching modes and their ac tivities. In D 2h and C2h structures the m utual exclu sion selection rule for the IR and R am an bands should be valid. From Table II it can be easily in ferred that in both 2 and 3 a complete coincidence of the IR and R am an bands is observed and there fore the two centrosymm etric structures D 2h and C2h can be ruled out. The structures with C2v and Cs m olecular symmetries can be easily differentiat ed from the C, structure, since in the former 4 bridging and 2 term inal mercury-chloride stretch ing modes are to be observed in the IR and R a man, whereas only 2 terminals must be detected for the m ercury-bromide or -iodide modes. In the C, structure, 2 bridging and 3 terminal mercurychloride stretching modes and 2 bridging and 1 ter minal m ercury-bromide or -iodide stretches must be observed. The num ber of term inal and bridging stretching modes and the absence of v(HgX)b (X = Br, I) bands point towards a structure with a C2v or Cs symmetry.
Since vibrational spectroscopy can not differen tiate between C2v and Cs symmetry structures, the reactivity of complexes 2 and 3 with the well known bridge-breaking chelating ligand bpy has been investigated [9] in both 1:1 and 1:2 m olar ra tios. If a C2v structure is present in the 1:1 reaction, the products will be [HgClX(bpy)] and [HgCl3X]2_ (X = Br, I); on the other hand if the solids possess a Cs structure, the main product will be the least soluble complex [HgX2(bpy)] with [HgCl4]2_ as the side product. If a C2v structure is present in the 1:2 reaction, the products will be [HgClX(bpy)] and AnHCl; on the other hand if 2 and 3 have a Cs structure, the main product will be a mixture of [HgCl2(bpy)] and [HgX2(bpy)] with AnHCl as the side product, provided that no secondary ex change reactions take place. The products ob tained from these reactions (eq. (4) and (5)) indi cate that complexes 2 and 3 have a structure with C2v symmetry. The spectra o f 4, 5 and 6 are rather crowded in the region 2 1 0 -9 0 cm -1, making their assignment rather difficult. Additionally, it should be noted that generally the v (C d -I)t, v (H g -I)t and v(CdBr)b modes appear in the same spectral region [7, 8, 11] , Thus, the actual structures o f the complex anions of 4, 5 and 6 can not be unam biguously deduced from the vibrational spectra. However, judging from: (i) the result of the molecular weight deter m ination for 4 (Table I) ; (ii) the appearance of both v(CdI)b and v(HgI)b bands in the spectra of 4 and 5; (iii) the appearance o f v (H g -B r)t and v(C d-B r), in 5 and 6, respectively, and (iv) the presence of a v(HgBr)b mode in 6, we suggest that these salts contain the dimeric anions shown in Fig. 1 with metals in tetrahedral coordination, the pairs of tetrahedra are sharing an edge.
Dimeric structures for 5 and 6 other b and c ( Fig. 1) are unlikely to occur since in both cases this would imply a complete reorganization of the halo ligands previous to the complex formation; to produce such an effect it would be necessary to consider that the M -X (M = Cd, Hg; X = Br, I) bonds are essentially ionic which is not the case.
Contreras and Seguel [8] inferred from vibra tional spectra that (Me4N )2[CdHgI4Br2] and (Me4N )2[CdHgBr4I2] contain isolated dimeric an ions having the same structures with those pro posed by our study. Their spectra resemble those we have reported here; however, neither the num ber of the bands nor the relative intensities corre spond very well.
Concluding comments
From the variety o f coordination structures adopted by trihalogenom ercurates(II) [9, 13-17, 19, 20] it seems that the energy differences between different ligand arrangem ents about mercury are very slight [15] . In the absence of hydrogen bond ing, ionic forces between the cations and halides of the complex anions are the im portant features die-tating the structures with small cations (e.g. the al kali metals); with cations of large diameter the op timum packing arrangem ents preclude structures with continuous chain-polymer anions. In the presence of hydrogen bonding (as in 1, 2 and 3), the nature of hydrogen bonds (intramolecular or intermolecular) may also be an im portant factor.
The HgX2/C dY 2 (X, Y = halogens) reaction sys tem seems to be a source o f a variety of new het ero-complexes. In addition to complexes 4, 5 and 6 mentioned above, other members of this family with different structures are under investigation and will be described in due course.
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